In recent years, many sensors made of hard materials have been designed to detect human body movements in physical exercises. However, hard materials usually cause extra dyskinesia for body movements. To detect human limb motion with less dyskinesia in physical exercise, a novel flexible capacitive angle sensor (NFCAS) based on a conductive textile was designed in this paper. The NFCAS has two non-parallel plates, namely, an exciting plate and a sensing plate, which can be fixed onto the inner forearm and the inner upper arm. Thus, the angle between the two plates of the NFCAS can be used to represent the angle of medial elbow, and its variation can lead to changes in the sensor's capacitance at the same time. A push-ups experiment and pull-ups experiment were conducted to evaluate the designed NFCAS's performance. Experimental results showed that the NFCAS could detect the main processes of push-ups and pull-ups. Besides high measurement precision, the NFCAS is also soft, thin, lightweight, and easily made. Therefore, it can be widely applied for detecting human limb motion with less dyskinesia in physical exercises.
Introduction
Non-contact sensors and contact sensors have been designed to detect human body motion. A comparison of different human body motion detection sensors is shown in Table 1 . Typical non-contact sensors, e.g., Kinect sensors, are widely used to detect human postures and gestures in human-computer interactions and somatosensory gaming. Yunda Liu et al. [1] proposed a dynamic gesture-recognition method based on Kinect sensors. G. Kurillo et al. [2] evaluated the reachable workspace of the upper limb using Kinect sensors without any extra dyskinesia. However, Kinect sensors require the subject to stay within a relatively small space, which limits its applications on human body detection in outdoor physical exercise that normally needs larger space [3] . Contact sensors, which consist of two types-non-flexible sensors and flexible sensors-are widely used in human health monitoring in outdoor environments. Non-flexible sensors, such as inertial measurement units (IMUs) and magneto and inertial measurement units (M-IMUs), are usually made of hard materials, which could cause extra dyskinesia to users. IMU [4] [5] [6] and M-IMU sensors [7] were used to detect human body motion in outdoor physical exercises. T. Seel et al. [4] proposed a method based on IMU To achieve the good properties, i.e., easily made and working with low extra dyskinesia, a novel flexible capacitive angle sensor (NFCAS) for human motion detection in physical exercises has been designed and fabricated in this paper. The NFCAS was evaluated in several push-ups and pull-ups experiments. This paper is organized as follows: in Section 1, existing human motion sensors were reviewed and analyzed. Then, our proposed NFCAS will be introduced, covering its principal and fabrication in Section 2. Experimental studies will be presented in Section 3. Finally, a discussion and conclusion will be given in Section 4.
Detection Principle and Fabrication of the NFCAS

Detection Principle of the NFCAS
Capacitive sensors work based on changes of capacitance. The adjustment of various parameters, including dielectric permittivity, sensing area, and the distance between the two parallel electrode plates, changes the capacitances of the parallel-plate capacitive sensors, which can be used to measure various parameters, such as micro-displacement [11] , pressure [12] , flow [13] , water level [14] , and respiration [15] . In [16] , some non-parallel-plate capacitive sensors based on the angle change were reported. To detect the angle change of human limbs, a flexible capacitive sensor based on the non-parallel-plate capacitor has been designed in this paper. As shown in Figure 1a , the NFCAS has an exciting electrode plate (EEP) and a sensing electrode plate (SEP) to detect the angle of human limb. The EEP and the SEP of the NFCAS were fixed to the inner forearm and the inner upper arm. Thus, the angle between two non-parallel plates of the NFCAS could be used to represent the angle of medial elbow, and its variation could result in the change of the NFCAS's capacitance. A prototype detection system of the NFCAS is shown in Figure 1a .
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MSP430F1611 AD7746
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Shield Board A micro-capacitance detection chip (AD7746, Analog Devices, Inc., Norwood, MA, USA) [17] was used to measure the NFCAS's capacitance. In addition, a MSP430F1611 (TEXAS INSTRUMENTS, Dallas, TX, USA) and a Bluetooth 4.0 module (HM-11, HI-SINCERITY MICROELECTRONICS CORP., Taipei, China) were used as a controller and a remote communication port, respectively. A precision rail-to-rail operational amplifier (OP184, Analog Devices, Inc.) was used for putting the shield at the potential of the electrode. Four rechargeable batteries, each of 1.2 V, were used in series as the power input, with a total voltage of 4.8 V required for the prototype detection system. An AMS1117-3.3 chip (Advanced Monolithic Systems Inc., Livermore, CA, USA) was used to regulate the power voltage to 3.3 V. As shown in Figure 1b , the EXCA pin and the CIN1 pin were connected to the exciting electrode layer of the EEP and the sensing electrode layer of the SEP respectively. The AD7746 generated the excitation signal of a square wave fixed at 32 KHz. The measurement range was from 0 pF to 8.192 pF by programming compensation for the AD7746 in the single-end input mode. The AD7746 transmitted the primary data to the MSP430F1611 through its IIC Bus. After data conversion, the capacitance value was transmitted from the MSP430F1611 to a remote computer through the HM-11.
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In Figure 1a , the NFCAS can be generally described as two non-parallel electrode plates. Under the assumption that fringe effect at the edges of the plates can be ignored if these two plates are of infinite width, the capacitance (C x ) between the plates with the angle of θ can be formulated by the Equation (1) [18] :
where, ε is air dielectric permittivity; r is the near radius of rotation of the NFCAS; l and w denote length and width of one conducting plate in the NFCAS, respectively. However, in reality, the fringe effect of the electrode plates usually causes small interferences to C x . However, it is difficult or even impossible to derive the exact formulation for C x . Thus, in the general case, C x can be approximately evaluated by Equation (1) .
The detection circuit with drive cable technology for the NFCAS is shown in Figure 1b . Drive cable technology [19] was good for reducing the negative effect of parasitic capacitance caused by long test cables and fringe effect. Thus, it was adopted in the NFCAS, and special structures of the NFCAS and its test cables were designed. In Figure 1b , two operational amplifiers with a gain of 1 were used to achieve equipotential between the shielding layer and the signal layer for the EEP and the SEP respectively. Based on the NFCAS's structure, the structure of each cable was designed to contain three layers, namely, a signal layer, shielding layer, and ground layer. Therefore, the capacitor between the ground and signal layers becomes the operational amplifier's load. Consequently, two plates could be shielded from electric noise near the NFCAS to reduce the potential capacitive leakage and eliminate negative influences. As a result, the specific structures of the NFCAS and its corresponding test cables in the design can contribute a lot to the proper operation of our proposed NFCAS.
Fabrication of the NFCAS
Flexible materials, including flexible conductive textile and flexible laminating films, are very important to make the users' experience more comfortable. Flat conductive textiles exhibiting good electric conduction [20] have been widely used in recent years. The NFCAS's design methodology is shown in Figure 2a . The NFCAS consisted of two plates, i.e., the EEP and the SEP, that shared the same mechanical structure. The EEP was composed of three layers, i.e., the exciting electrode layer (EEL), the exciting shield layer (ESL), and the ground layer (GL), while the SEP was composed of three layers: the sensing electrode layer (SEL), the sensing shield layer (SSL), and the GL. All layers were made of conductive textile (SXG-1, Qingdao Hengtong X-silver Speciality Textile Co., Ltd., Qingdao, China). The SEP, as an example, is used to introduce the NFCAS's structure. The conductive textile has good electrical conductivity, stretchability, and flexibility after curing. For a sample cloth made of the conductive textile with its length of 127 mm and its width of 10 mm, its resistance was 1.338 Ω in our pre experiment with an Agilent 34401A multimeter. To avoid short circuits, two insulation layers were placed between any two of these three layers. Two insulation layers were also laid on the top and bottom of the NFCAS to protect the SEL and the GL. The insulation layers were made of laminating film (6.5C, Shanghai Wende culture and sports articles Co., Ltd., Shanghai, China). Polyethylene with the dielectric permittivity about 2.25 was the main component of the laminating film, with a thickness of 0.065 mm. Standard snap fasteners were used to connect the plates of the NFCAS to signal cables. As shown in Figure 2a , the NFCAS was fixed on the garment's surface to detect human limb motion. The EEP and the SEP were fixed at the inner forearm and the inner upper arm respectively. The two plates formed a non-parallel-plate capacitor. When the elbow was bent or stretched, both the angle between the EEP and the SEP and the NFCAS's capacitance changed. Figure 2b shows the NFCAS's circuit schematic. With drive cable technology, each test cable of the NFCAS was composed of three layers: signal layer, shielding layer, and ground layer. The EEL of the EEP was connected to the EXCA pin of the AD7746 through its signal layer, the ESL of the EEP was connected to its shielding layer, and the GL was connected to the ground pin of the AD7746. Similarly, the SEL of the SEP was connected to the CIN1 pin of the AD7746, the SSL of the SEP was connected to its shielding layer, and the GL was connected to the ground pin of the AD7746. The operational amplifiers with closed loop gains of 1 were used to achieve equipotential between the ESL and the EEL, and equipotential between the SEL and the SSL. Thus, the capacitors between the ground layer and the signal layer became the loads of the operational amplifiers. Hence, capacitive leakage was eliminated, and the parasitic capacitance effect was overcome.
NFCAS. Firstly, the main parts and extended parts of the SEL, the SSL, and the GL were cut out from the conductive textile with sizes of l1 × w1, l2 × w2 and l3 × w3. To ensure the shielding effects, these dimensions followed the relationship: l1 < l2 < l3, and w1 < w2 < w3. Secondly, the SEL, the SSL, and the GL were flattened by the laminator at 60 °C. Finally, all insulation layers were cut out with laminating film with sizes l4 (l3 < l4) × w4 (w3 < w4). As shown in Figure 2c , an insulation layer was first laid at the bottom. Then the GL was placed over it. To avoid a possible short circuit between the GL and SSL, another insulation layer was laid on the surface of the GL before the placement of SSL. To protect the SEL, its top surface was covered by an insulation layer. After being laminated at 78 °C, three standard snap fasteners with a diameter of 9.0 mm were installed in the extending part of the SEL, the SSL, and the GL, respectively, which can facilitate the transmitting of the signals of the sensors.
These soft materials are able to reduce the level of extra dyskinesia caused by the NFCAS. After the final lamination, the plates of the NFCAS can be kept soft with a very small thickness of each Figure 2c shows schematic of the fabrication process for the NFCAS. The SEP, as an example, is used to introduce the NFCAS's structure. All layers should be prepared before fabricating the NFCAS. Firstly, the main parts and extended parts of the SEL, the SSL, and the GL were cut out from the conductive textile with sizes of l 1 × w 1 , l 2 × w 2 and l 3 × w 3 . To ensure the shielding effects, these dimensions followed the relationship: l 1 < l 2 < l 3 , and w 1 < w 2 < w 3 . Secondly, the SEL, the SSL, and the GL were flattened by the laminator at 60 • C. Finally, all insulation layers were cut out with laminating film with sizes l 4 (l 3 < l 4 ) × w 4 (w 3 < w 4 ).
As shown in Figure 2c , an insulation layer was first laid at the bottom. Then the GL was placed over it. To avoid a possible short circuit between the GL and SSL, another insulation layer was laid on the surface of the GL before the placement of SSL. To protect the SEL, its top surface was covered by an insulation layer. After being laminated at 78 • C, three standard snap fasteners with a diameter of 9.0 mm were installed in the extending part of the SEL, the SSL, and the GL, respectively, which can facilitate the transmitting of the signals of the sensors.
These soft materials are able to reduce the level of extra dyskinesia caused by the NFCAS. After the final lamination, the plates of the NFCAS can be kept soft with a very small thickness of each plate, i.e., 0.40 mm. In the fabrication of the NFCAS, Laminator (330C, Shanghai Wende culture and sports articles Co., Ltd.) was used.
Experiments and Results
In the experiments, unless otherwise noted, w 1 , l 1 , and r, were set as 4.0 cm, 4.0 cm, and 3.0 cm, respectively. Two plates of the NFCAS were fixed to the inner sides of the medial elbow, and they were connected to the test circuit with cables of 33.0 cm length.
Basic Experiments
Calibration Experiment and Simulation Experiments
A calibration platform was set up with a MPU6050 (InvenSense Inc., San Jose, CA, USA). In the platform, the sensing electrode plate and the exciting electrode plate of the NFCAS were fixed on a horizontal cardboard and a rotatable cardboard respectively; the MPU6050 used as the angular reference was also fixed onto the rotatable cardboard. In the calibration experiment, the horizontal cardboard was fixed, and the rotatable cardboard was rotated from 10 • to 180 • , with the interval of 10 • . Also, the two dimensional finite element analysis (2D FEA) experiment of the NFCAS with ANSYS software and the simulation experiment of the Equation (1) with MATLAB software (R2014a, MathWorks Inc., Natick, MA, USA) were carried out. The experimental results are shown in Figure 3 .
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Experiments of Forearm Rotation and Arm Muscle Deformation
Based on the angle-capacitance curve of the NFCAS shown in Figure 3 , the angle of the medial elbow could be calculated with the measured capacitance. In physical exercises, forearm could rotate and arm muscle could deform, which affected the surface morphologies of the forearm and the upper arm. Thus, the NFCAS's results would be affected by forearm rotation and arm muscle deformation. In the experiments of forearm rotation and arm muscle deformation, two MPU6050s were used. One MPU6050 and the NFCAS's EEP were fixed on the inner forearm at the same time, the other MPU6050 and the NFCAS's SEP were fixed on the inner upper arm simultaneously. In these experiments, the angle of medial elbow was changed from 30 • to 150 • . At each angle, the subject's forearm had three action states: muscle relaxation (Opening palm in relaxation), muscle contraction (Clenching a fist), and rotation (Opening palm in relaxation and rotating the forearm about 150 • against the clockwise). The experimental results are shown Figure 4 . were used. One MPU6050 and the NFCAS's EEP were fixed on the inner forearm at the same time, the other MPU6050 and the NFCAS's SEP were fixed on the inner upper arm simultaneously. In these experiments, the angle of medial elbow was changed from 30° to 150°. At each angle, the subject's forearm had three action states: muscle relaxation (Opening palm in relaxation), muscle contraction (Clenching a fist), and rotation (Opening palm in relaxation and rotating the forearm about 150° against the clockwise). The experimental results are shown Figure 4 .
(a) (b) From Figure 4 , both the NFCAS and the MPU6050s could detect the change of the medial elbow's angle. Standard deviations of angle results with the NFCAS were larger than those with the MPU6050s (<2.1°). With an increase of the angle, the NFCAS's standard deviations increased. Both the NFCAS's results and the MPU6050s' results were affected by the forearm's state, including muscle relaxation, muscle contraction, and rotation, in which the forearm's rotation caused obvious irregular measurement errors in both the NFCAS and the MPU6050s.
Pull-Ups Experiment and Push-Ups Experiment
As shown in Figure 5 , a garment with hook-and-loop fasteners was used to fix the NFCAS. Thus, the NFCAS can be easily worn or removed. The hook-and-loop fasteners were cut into patches of appropriate sizes. The loop side of the tape was sewn at the surface of garment base, while the hook side was glued to the bottom of the plate of the sensor. In Figure 6 , the EEP and the SEP were fixed onto the inner forearm and the inner upper arm respectively. In addition, the NFCAS's effectiveness was verified by comparing the performances of a MPU6050 sensor fixed on the inner upper arm. Push-ups and pull-ups experiments were conducted to verify the performance of the NFCAS. In the experiments, θ is the angle between the upper arm and the former arm detected by the NFCAS, α is the angle between the upper arm and the horizontal surface detected by the MPU6050, and Cx is the NFCAS's capacitance. From Figure 4 , both the NFCAS and the MPU6050s could detect the change of the medial elbow's angle. Standard deviations of angle results with the NFCAS were larger than those with the MPU6050s (<2.1 • ). With an increase of the angle, the NFCAS's standard deviations increased. Both the NFCAS's results and the MPU6050s' results were affected by the forearm's state, including muscle relaxation, muscle contraction, and rotation, in which the forearm's rotation caused obvious irregular measurement errors in both the NFCAS and the MPU6050s.
As shown in Figure 5 , a garment with hook-and-loop fasteners was used to fix the NFCAS. Thus, the NFCAS can be easily worn or removed. The hook-and-loop fasteners were cut into patches of appropriate sizes. The loop side of the tape was sewn at the surface of garment base, while the hook side was glued to the bottom of the plate of the sensor. In Figure 6 , the EEP and the SEP were fixed onto the inner forearm and the inner upper arm respectively. In addition, the NFCAS's effectiveness was verified by comparing the performances of a MPU6050 sensor fixed on the inner upper arm. Push-ups and pull-ups experiments were conducted to verify the performance of the NFCAS. In the experiments, θ is the angle between the upper arm and the former arm detected by the NFCAS, α is the angle between the upper arm and the horizontal surface detected by the MPU6050, and C x is the NFCAS's capacitance. 
Pull-Ups Experiment
In pull-ups experiment, a human arm was transformed into the stick model with upper arm and forearm as shown in Figure 7 In Figure 8a -c, the process of pull-ups was divided into three parts: (1) preparation; (2) pulling process; and (3) hanging down. In Figure 8d , the square-data curve, the diamond-data curve, and the triangle-data curve represent α, θ, and Cx, respectively. The complete pull-ups motion cycle represents the yellow dashed rectangle frame. The ranges of α, θ, and Cx were in −50° to 50°, 0° to 180°, and 0.6 pF to 8.192 pF (full range), respectively. The participant was in preparation at point A1 in the triangle-data curve, at point A2 in the square-data curve, and at point A3 in the diamond-data curve. From point A1 to point B1 in the triangle-data curve, from point A2 to point B2 in the square-data curve, and from point A3 to point B3 in the diamond-data curve, the participant bent the elbow and pulled upward. In this process, α, θ, and Cx were changed from the minimum (−50°) to the maximum (50°), 170° to about 0°, and the minimum (0.6 pF) to full range (8.192 pF), respectively. From point B1 to point C1 in the triangle-data curve, from point B2 to point C2 in the square-data In Figure 8a -c, the process of pull-ups was divided into three parts: (1) preparation; (2) pulling process; and (3) hanging down. In Figure 8d , the square-data curve, the diamond-data curve, and the triangle-data curve represent α, θ, and Cx, respectively. The complete pull-ups motion cycle represents the yellow dashed rectangle frame. The ranges of α, θ, and Cx were in −50° to 50°, 0° to 180°, and 0.6 pF to 8.192 pF (full range), respectively. The participant was in preparation at point A1 in the triangle-data curve, at point A2 in the square-data curve, and at point A3 in the diamond-data curve. From point A1 to point B1 in the triangle-data curve, from point A2 to point B2 in the square-data curve, and from point A3 to point B3 in the diamond-data curve, the participant bent the elbow and pulled upward. In this process, α, θ, and Cx were changed from the minimum (−50°) to the maximum (50°), 170° to about 0°, and the minimum (0.6 pF) to full range (8.192 pF), respectively. From point B1 to point C1 in the triangle-data curve, from point B2 to point C2 in the square-data In Figure 8a -c, the process of pull-ups was divided into three parts: (1) preparation; (2) pulling process; and (3) hanging down. In Figure 8d , the square-data curve, the diamond-data curve, and the triangle-data curve represent α, θ, and Cx, respectively. The complete pull-ups motion cycle represents the yellow dashed rectangle frame. The ranges of α, θ, and Cx were in −50° to 50°, 0° to 180°, and 0.6 pF to 8.192 pF (full range), respectively. The participant was in preparation at point A1 in the triangle-data curve, at point A2 in the square-data curve, and at point A3 in the diamond-data curve. From point A1 to point B1 in the triangle-data curve, from point A2 to point B2 in the square-data curve, and from point A3 to point B3 in the diamond-data curve, the participant bent the elbow and pulled upward. In this process, α, θ, and Cx were changed from the minimum (−50°) to the maximum (50°), 170° to about 0°, and the minimum (0.6 pF) to full range (8.192 pF), respectively. From point B1 to point C1 in the triangle-data curve, from point B2 to point C2 in the square-data In Figure 8a -c, the process of pull-ups was divided into three parts: (1) preparation; (2) pulling process; and (3) hanging down. In Figure 8d , the square-data curve, the diamond-data curve, and the triangle-data curve represent α, θ, and C x , respectively. The complete pull-ups motion cycle represents the yellow dashed rectangle frame. The ranges of α, θ, and C x were in −50 • to 50 • , 0 • to 180 • , and 0.6 pF to 8.192 pF (full range), respectively. The participant was in preparation at point A 1 in the triangle-data curve, at point A 2 in the square-data curve, and at point A 3 in the diamond-data curve. From point A 1 to point B 1 in the triangle-data curve, from point A 2 to point B 2 in the square-data curve, and from point A 3 to point B 3 in the diamond-data curve, the participant bent the elbow and pulled upward. In this process, α, θ, and C x were changed from the minimum (−50 • ) to the maximum (50 • ), 170 • to about 0 • , and the minimum (0.6 pF) to full range (8.192 pF), respectively. From point B 1 to point C 1 in the triangle-data curve, from point B 2 to point C 2 in the square-data curve, and from point B 3 to Electronics 2018, 7, 192 9 of 12 point C 3 in the diamond-data curve, the participant dropped from the highest to the lowest position. The values in the triangle-data curve and square-data curve also dropped from the maximum to the minimum. At the same time, θ changed from about 0 • to 170 • . From Figure 8d , the change of θ corresponded to the change of α, and the NFCAS's capacitance showed a small change when θ was changed in 80 •~1 70 • .
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Discussion and Conclusions
A NFCAS consisting of an exciting electrode plate and a sensing electrode plate was designed in this paper. In order to eliminate the capacitance leakage and to overcome the interference of parasitic capacitance, specified structures of the NFCAS and the test cables were proposed. To improve the users' experience, conductive textile was selected as the main material of the signal layer, the shielding layer, and the ground layer. All insulation layers were made of laminating film. To conduct reliable experiments, the sizes of signal layer, shielding layer, and ground layer were set to 4.0 cm × 4.0 cm, 5.0 cm × 5.0 cm, and 6.0 cm × 6.0 cm, respectively. After the final lamination, the thickness of the NFCAS's plate was limited to only 0.40 mm. The NFCAS's model was also discussed.
From Figure 3 , the NFCAS's capacitance had an inverse ratio to the angle, which corresponds to the Equation (1). However, the NFCAS's measurement capacitance was larger than its computed results based on the Equation (1), which were more obvious for the smaller angle. At the same time, when the angle was larger than 80°, the change of the NFCAS's capacitance was insignificant. In the FEA experiment, the 2D model of the NFCAS was used and its results followed computational results of the Equation (1) via Matlab. However, in the 2D FEA model, part fringe effect was ignored and its results had a small deviation from the three dimensional (3D) FEA model, which was closer to the real model of the NFCAS. The inconsistency results might be also caused by other factors, including the long test cables, the non-ideal property of the drive cable circuit, the fringe effect, and the NFCAS's motion caused by involuntary muscle movements.
From Figure 4 , the forearm's states including muscle relaxation, muscle contraction, and rotation, affected both the NFCAS's results and the MPU6050s' results significantly. Thus, the forearm's states would cause extra errors for the angle measurement with the NFCAS. Angle standard deviations of the MPU6050s were small, while those of the NFCAS were larger, especially those for larger angles.
During push-ups and push-pulls exercises, involuntary muscle movements would lead to the 
From Figure 3 , the NFCAS's capacitance had an inverse ratio to the angle, which corresponds to the Equation (1). However, the NFCAS's measurement capacitance was larger than its computed results based on the Equation (1), which were more obvious for the smaller angle. At the same time, when the angle was larger than 80 • , the change of the NFCAS's capacitance was insignificant. In the FEA experiment, the 2D model of the NFCAS was used and its results followed computational results of the Equation (1) via Matlab. However, in the 2D FEA model, part fringe effect was ignored and its results had a small deviation from the three dimensional (3D) FEA model, which was closer to the real model of the NFCAS. The inconsistency results might be also caused by other factors, including the long test cables, the non-ideal property of the drive cable circuit, the fringe effect, and the NFCAS's motion caused by involuntary muscle movements.
During push-ups and push-pulls exercises, involuntary muscle movements would lead to the NFCAS's motion, which may cause extra measurement errors. The parasitic capacitance of the long cables is tens of picofarads per meter, which may cause extra parallel capacitance for the NFCAS. In the prototype detection system of the NFCAS, drive cable technology realized by the operational amplifier with its closed loop gain of 1 was used to eliminate the parasitic capacitance of the long cables and the fringe effect of the NFCAS's plates. However, an ideal closed loop gain of 1 with the operational amplifier is still difficult to achieve. Thus, complete elimination of parasitic capacitance and fringe effect is extremely challenging. From the experimental results in Figures 4, 8 and 10 , the NFCAS is suitable for the detection of small angle movements (30 • -90 • ) of human limbs, while for large angles, its sensitivity is decreased.
The NFCAS is soft, thin, light weight, and easily-made. Compared to Kinect sensor [1, 2] , the NFCAS is mounted on the surface of garment and can be easily worn or removed by using hook-and-loop and standard snap fasteners. Thus, the NFCAS is more suitable for detecting human body motion during outdoor physical exercises. Compared with IMU sensor [4] [5] [6] and M-IMU sensor [7] , the NFCAS needs less post-processing. In particular, the special structures of plates of the NFCAS and signal cables give the NFCAS strong anti-interference capabilities. The NFCAS is made of soft materials which introduce less dyskinesia. Compared with strain resistive sensors [3, 5, 9, 10] , the NFCAS doesn't need any steady fabric to fix the sensor. Thus, the NFCAS works with less discomfort and less extra dyskinesia. Compared with strain capacitive sensors [8] , the NFCAS doesn't need any direct contact with skin of joint swhich is more practical and more comfortable in real-world scenarios.
In this study, we presented the NFCAS, which is useful for detecting human limb motion in physical exercises. In future studies, we will attempt to make the NFCAS softer by changing the materials of insulation layers, and able to detect more complex human motions with multiple NFCASs. 
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